It is recognized that shear topology of two directly connected force-bearing terminal ␤-strands is a common feature among the vast majority of mechanically stable proteins known so far. However, these proteins belong to only two distinct protein folds, Ig-like ␤ sandwich fold and ␤-grasp fold, significantly hindering delineating molecular determinants of mechanical stability and rational tuning of mechanical properties. Here we combine singlemolecule atomic force microscopy and steered molecular dynamics simulation to reveal that the de novo designed Top7 fold [Kuhlman B, Dantas G, Ireton GC, Varani G, Stoddard BL, Baker D (2003) Science 302:1364 -1368] represents a mechanically stable protein fold that is distinct from Ig-like ␤ sandwich and ␤-grasp folds. Although the two force-bearing ␤ strands of Top7 are not directly connected, Top7 displays significant mechanical stability, demonstrating that the direct connectivity of force-bearing ␤ strands in shear topology is not mandatory for mechanical stability. This finding broadens our understanding of the design of mechanically stable proteins and expands the protein fold space where mechanically stable proteins can be screened. Moreover, our results revealed a substructure-sliding mechanism for the mechanical unfolding of Top7 and the existence of two possible unfolding pathways with different height of energy barrier. Such insights enabled us to rationally tune the mechanical stability of Top7 by redesigning its mechanical unfolding pathway. Our study demonstrates that computational biology methods (including de novo design) offer great potential for designing proteins of defined topology to achieve significant and tunable mechanical properties in a rational and systematic fashion.
P
rotein mechanics is an important aspect of biology. Many proteins have evolved to sense, generate and bear mechanical forces (1) in a variety of biological processes, such as cellular adhesion (2) , muscle contraction (3), and ligand-receptor interactions (4) . Elastomeric proteins constitute a unique class of mechanical proteins with diverse functions ranging from molecular springs to structural materials of superb mechanical properties. Recent development in single-molecule force spectroscopy has made it possible to study the mechanical properties of proteins at singlemolecule level (5, 6 ). These studies not only revealed rich information about the architectural design of elastomeric proteins and shed light on the biophysical principles underpinning various biological processes, but also revealed promising prospect of using engineered elastomeric proteins for nanomechanical applications (7) (8) (9) . However, in comparison to chemical and thermodynamic properties of proteins, experimental data on mechanical properties of proteins remains rather limited and molecular determinants of mechanical properties of proteins are less well understood. These factors have made it difficult or impossible to predict and tune mechanical properties of proteins in a systematic and rational fashion. Consequently, the known mechanically stable proteins are restricted to only a limited number of protein folds, significantly limiting the potential exploration of elastomeric proteins for nanomechanical applications.
A number of proteins of different topologies (6, 10) have been studied for their mechanical properties, and the importance of protein topology to the mechanical stability has emerged (6, (11) (12) (13) . It is recognized that the vast majority of mechanically stable proteins identified so far share a common shear topology, in which the two terminal ␤ strands are arranged in parallel and are directly connected to each other by noncovalent interactions (6, 10) . The only known exceptions are green fluorescent protein (14) , a tightly formed ␤-barrel protein, and ankyrin (15), a 22-24 repeat protein.
Upon stretching of these mechanically stable proteins, the two terminal ␤ strands are sheared against each other and the noncovalent interactions connecting the two force-bearing strands provide resistance to mechanical unfolding (6, 11, 12, (16) (17) (18) (19) (20) . These mechanically stable proteins belong to only two distinct protein folds: Ig-like ␤ sandwich fold and ␤-grasp fold. However, it remains to be demonstrated whether the importance of shear topology on mechanical stability can be generalized to other protein folds. It is unknown whether the direct connectivity between force bearing strands in a shear topology is a necessary condition for mechanical stability or any other topological arrangement containing hydrogen bonding interaction between nonadjacent terminal strands may also offer significant mechanical stability.
To examine the above possibilities and explore the feasibility of rational tuning of mechanical stability, here we combine singlemolecule atomic force microscopy (AFM), steered molecular dynamics simulation (SMD), and protein engineering techniques to demonstrate that a de novo designed protein Top7 (21) represents a mechanically stable protein fold that is distinct from Ig ␤ sandwich and ␤ grasp folds. SMD simulations revealed a unique substructuresliding unfolding mechanism for Top7 and the existence of two possible unfolding pathways with different height of energy barrier. Such molecular insights into unfolding mechanism have enabled us to rationally tune the mechanical stability of Top7 by redesigning its mechanical unfolding pathway. Thus, we now have a mechanical control method beyond the conventional tuning of key interactions along the unfolding pathway. Our results demonstrate the great potential of using computational methods (including de novo design) to engineer proteins of significant and tunable mechanical properties, and open up avenues toward exploring the design principles of protein mechanics and engineering.
Results
Structural Analysis of Top7. Top7 is a de novo designed protein that consists of 92 residues and shows significant thermodynamic stability yet complex kinetic behavior (21, 22) . Top7 is a ␣/␤ protein and shows a novel protein topology (21) that has not been sampled by nature through evolution. Top7 is made of two ␣ helices and one ␤ sheet consisting of five ␤ strands (21) . The two terminal forcebearing strands (strands 1 and 5) are arranged in parallel, constituting a shear topology. However, the two terminal strands are connected to ␤-strand 3 without being directly connected to each other. Therefore, Top7 potentially has more degrees of freedom to respond to mechanical stress than previously studied mechanically stable proteins, such as I27 (23) . To better understand its response to force, Top7 structure can be described as being made of three interconnected substructures (Fig. 1) . Substructure A (blue) includes two ␤ strands (residues 1-22) and one ␣ helix (residues 23-43). Substructure B (yellow) is sole ␤ strand in the middle of the structure (residues 44-54). Substructure C is structurally similar to substructure A and consists of one ␣ helix (residues 55-74) and two ␤ strands (residues 75-92). Substructure A and C have similar hydrogen bonding pattern, whereas substructure B is connected to both A and C via backbone hydrogen bonds.
Top7 Shows Significant Resistance to Mechanical Unfolding. To investigate the mechanical stability of Top7 using single-molecule AFM, we constructed a polyprotein chimera (GB1) 4 -(Top7) 2 -(GB1) 4 , in which (Top7) 2 is flanked by (GB1) 4 at both ends ( Fig.  2A) . In this polyprotein chimera, the well characterized protein GB1 (8, 12) , whose mechanical unfolding is characterized by a contour length increment ⌬L C of Ϸ18 nm and an unfolding force of Ϸ180 pN (at pulling speed of 400 nm/s), serves as an internal marker for identifying single-molecule stretching events as well as pinning down the signature of the mechanical unfolding of Top7.
Stretching (GB1) 4 -(Top7) 2 -(GB1) 4 results in force-extension curves showing characteristic sawtooth patterns (Fig. 2B) , in which the individual force peaks correspond to the mechanical unraveling of the individual protein domains being stretched (5, 23) . These force-extension curves display two populations of unfolding force peaks with different peak-to-peak distance. For example, in the first force-extension curve, the eight unfolding events marked in red have similar peak-to-peak spacing of Ϸ16 nm, whereas the two unfolding events marked in green have similar peak-to-peak spacing of Ϸ24 nm. Fits of the worm-like chain model (WLC) of polymer elasticity (blue line) to the experimental data revealed that the unfolding events in red have ⌬L C of Ϸ18 nm, whereas the two unfolding events in green have ⌬L C of Ϸ29 nm. Because the mechanical unfolding of GB1 is characterized by ⌬L C of Ϸ18 nm and unfolding force of Ϸ180 pN, we can readily recognize the unfolding events with ⌬L C of 18 nm as the mechanical unfolding of GB1 domains in the polyprotein chimera. Because (Top7) 2 are sandwiched between two (GB1) 4 in our designed polyprotein, if we observe five or more unfolding events of GB1 in a force-extension curve, we are certain that both Top7 domains have been stretched and the force-extension curve must contain the signature of the mechanical unfolding of both Top7 domains. Indeed, in all of the force-extension curves of (GB1) 4 -(Top7) 2 -(GB1) 4 that contain five or more GB1 unfolding events (red), we always observe two additional unfolding events with ⌬L C of Ϸ29 nm (green). Therefore, we can assign the unfolding events of ⌬L C of 29 nm to the mechanical unfolding of Top7 domains without any ambiguity. A histogram of ⌬L C for the mechanical unfolding of Top7 measures an average ⌬L C of 28.8 Ϯ 0.8 nm [supporting information (SI) Fig.  5 ]. Top7 consists of 92 aa residues and is 33.1 nm long when it is unfolded and fully extended (0.36 nm/aa ϫ 92 aa). The distance between the N and C termini of the folded Top7 is Ϸ 3.0 nm. As such, the complete mechanical unfolding of Top7 will result in ⌬L C Fig. 1 . Structural features of Top7. Top7 is composed of five ␤ strands and two ␣ helices, and can be divided into three substructures: substructure A (residues 1-43), substructure B (residues 44 -54), and substructure C (residues 55-92). Cyan bars indicate the backbone hydrogen bonds connecting substructure B to substructures A and C. of 30.1 nm (33.1-3.0 nm), which is in close agreement with the experimentally determined value of ⌬L C , suggesting that the experimentally observed unfolding of Top7 domains corresponds to the complete unfolding of the folded Top7 domains. In addition, WLC model fits well the force-extension relationship of Top7 and there is no significant deviation of the experimental data from the fits. These results indicate that the mechanical unfolding of Top7 is an apparent two-state process and there is no stable unfolding intermediate state accumulating during its mechanical unfolding.
Because two Top7 domains are linked in series with eight GB1 domains in the chimera, all of the domains will be subject to the same stretching force and unfold sequentially according to their intrinsic mechanical stability: the weakest one unfolds first, and the strongest one unfolds last. Our designed polyprotein chimera allows us to directly compare the mechanical stability of Top7 with that of GB1 (8, 12) . For the force-extension curves of the polyprotein chimera, we observed that the mechanical unfolding events of Top7 scattered among the GB1 unfolding events: the mechanical unfolding of Top7 can occur before any GB1 unfolding event or quite often after some of the GB1 domains have been unfolded. This result indicates that the mechanical stability of Top7 is comparable to that of GB1. Indeed, the unfolding force histogram of Top7 measures an average unfolding force of 155 Ϯ 36 pN (Fig. 2C) , which is slightly lower than that of GB1 (178 pN) (12) . Such mechanical stability is comparable with that of typical elastomeric proteins, such as ubiquitin (13) and I27 from titin (23) . This result strongly indicates that Top7 has significant mechanical stability.
The Transition State for the Mechanical Unfolding of Top7 Is Highly
Native Like. To fully characterize the mechanical unfolding of Top7, we examined the unfolding kinetics of Top7 by carrying out the experiments at different pulling speeds. As shown in Fig. 2D , the average unfolding force for Top7 was found to depend on pulling speeds. Because there is no detectable unfolding intermediate state in the force-extension curves, we modeled the mechanical unfolding of Top7 as a two-state process with force-dependent unfolding rate constant. Using standard Monte Carlo simulation procedures (23), we reproduced the force-extension curves, as those shown in Fig.  2B , of polyprotein (GB1) 4 -(Top7) 2 -(GB1) 4 at different pulling speed to estimate the unfolding rate constant at zero force ␣ 0 and the unfolding distance ⌬x u between the folded state and transition state for Top7. We found that, by using a combination of ␣ 0 of 0.06 s Ϫ1 and ⌬x u of 0.21 nm, we can adequately describe the unfolding force histogram (Fig. 2C, solid line) as well as the pulling speeddependency of the unfolding forces for Top7 (Fig. 2D, red line) . The ⌬x u for Top7 is similar to that of several other mechanically stable proteins (11, 13, 23) . A small value of ⌬x u indicates that transition state for the mechanical unfolding of Top7 is structurally very similar to the native state. In addition, we also observed that the mechanical unfolding of Top7 is reversible, and Top7 folds back to its native state at zero force at a rate of Ϸ2.6 Ϯ 0.4s Ϫ1 (SI Figs. 6 and 7).
Molecular Origin for the Mechanical Stability of Top7. Although the two terminal force-bearing ␤ strands of Top7 constitute the shear topology, unlike other mechanically stable proteins, the two terminal ␤ strands are not directly connected. Instead, they are spaced by a third ␤ strand and these three ␤ strands are interconnected by a network of hydrogen bonds (Fig. 1) . Stretching of Top7 will involve the deformation of hydrogen bonding network in the middle three ␤ strands and is much more complex than the scenario in which I27 is stretched and unraveled. Therefore, it is not straightforward to predict the mechanical stability or the unfolding mechanism of Top7 a priori.
Significant mechanical stability displayed by Top7 indicates that the direct connectivity of the two terminal force-bearing strands is not a prerequisite for mechanical stability in the shear topology. Here we carried out SMD simulations of the mechanical unfolding of Top7 to understand the molecular origin for the mechanical stability as well as the unfolding mechanism of Top7. Molecular dynamics simulations have been extensively used to investigate the molecular mechanisms underlying the mechanical unfolding of proteins, and atomic level pictures revealed by SMD have been shown to correlate well with single molecule AFM results (17) (18) (19) (20) 24) . We carried out SMD simulations in constant velocity pulling mode, which closely mimics AFM experiments, with several different pulling velocities, ranging from 5 to 100 m/s. Due to computational cost, we performed five simulations at 10 m/s to collect better statistics and only performed one simulation at 5 m/s. In the pulling velocity of 10 m/s, we also attempted to pull the protein from N (three times) and C (twice) termini. Three of these force extension curves for the 10 m/s SMD are shown in Fig. 3A . Due to the shorter time scale accessible to SMD, the force peaks observed in SMD are much higher than the ones observed in AFM experiments. However, simulated Top7 force-extension curves share qualitative features that are consistent with those observed in AFM experiments.
The force-extension curves in Top7 SMD trajectories showed that there is a single dominant force peak at Ϸ900-1,100 pN between 7 and 9 Å in pulling extension, and after that the protein unfolds easier. This finding is in agreement with the AFM results that each domain has one dominant force peak. Before reaching the main force peak, the stretching force increased rapidly accompanied by a relatively small gain in extension. During this process, the distance between N and C termini increased gradually by Ϸ7 Å, whereas Top7 maintained its overall stable structure as well as its backbone hydrogen bonds within the ␤ sheet. As the stretching process continued, Top7 structure started to break down, giving rise to the main unfolding event of Top7: the backbone hydrogen bonds connecting ␤ strands 1 and 3 break concurrently, and substructure A and substructure B/C slide past each other (Fig. 3B) . This observation indicates that the hydrogen bonding pattern in Top7, especially those between ␤ strands 1 and 3, plays crucial roles in determining the mechanical stability of Top7. In most simulations after the main unfolding event (after the breakage of A from B/C), substructure A will keep unraveling, whereas substructures B and C stay together and remained rather stable. This result is in good agreement with a recent report that substructures B and C form a stable miniprotein by itself (25) . Upon further stretching, Top7 unfolded gradually and the strands unraveled one by one in an unzipping fashion; this explains why no intermediate state is observed in AFM experiments despite that B/C is autonomously stable. For comparison, we also carried out SMD on I27. As compared with the force-extension curve of I27 (Fig. 3A, green  curve) , the unfolding force peak for Top7 (800-1,100 pN) is slightly lower than that of I27 (1,400 pN) , in good agreement with the AFM data.
The substructure-sliding unfolding mechanism revealed by SMD underlines the molecular origin of the mechanical stability of Top7. This is a truly novel unfolding mechanism that has not been seen before and is significantly different from that for I27 or other mechanically stable proteins. The topology of Top7 is such that, for the domain to be extended from both termini, the ␤ sheet has to be broken at certain point. Unlike the I27 unfolding, where there is only one way to break the sheet: rupture of strand AЈ and G (18, 19) , in Top7 there are two possible ways to break the sheet: either rupture between substructures A and B or between substructures B and C. Therefore, the mechanical unfolding of Top7, in principle, should have two possible unfolding pathways: in one of the unfolding pathways Top7 unfolds by sliding substructure A against B/C, whereas in the other one, substructure C slides against A/B to trigger unfolding. However, in every SMD simulation, the force peak correlates with the rupture of hydrogen bond patch between substructure A and B, indicating that the patch of hydrogen bonds linking ␤ strands 1 and 3 are easier to rupture than those between ␤ strands 3 and 5. Therefore, sliding substructure A against B/C constitutes a lower energy barrier for the mechanical unfolding of Top7, whereas sliding substructure C against A/B is of a higher barrier. Hence, sliding substructure A against B/C dominates the mechanical unfolding of Top7. When comparing the hydrogen bonds alone, the patch between ␤ strands 1 and 3 are not weaker than that between 3 and 5. Thus the difference is in overall interactions between AB and between BC. Indeed, there are noticeable differences in the hydrophobic patterns in the interfaces between AB and between BC (data not shown), indicating that interactions other than hydrogen bonding may also contribute to mechanical stability of Top7.
Tuning the Mechanical Stability of Top7 by Rationally Redesigning Its
Mechanical Unfolding Pathway. SMD simulations revealed two possible mechanical unfolding pathways for Top7, and the mechanical stability of Top7 is determined by the pathway of the lower mechanical unfolding barrier. Such unique unfolding mechanism offers unprecedented opportunity enabling us to rationally modulate the mechanical stability of Top7 by redesigning its mechanical unfolding pathway. If the normal unfolding pathway of Top7, the sliding of substructure A against B/C, were blocked by covalently linking ␤ strand 1 to 3, Top7 would have to unfold by following the pathway of the higher energy barrier by sliding substructure C past A/B. Such shift of unfolding pathway will result in an increase of the mechanical stability of Top7. Based on this hypothesis, we used MODIP (modeling of disulfide bridges in proteins) (26) to identify potential sites for introducing disulfide bond between ␤ strands 1 and 3. Among identified potential sites, we selected positions 3 and 51 because they are very close to the N terminus and a disulfide bridge will completely block the sliding of substructure A against B/C. We engineered a double cysteine mutant Q3C/T51C-Top7 (Q3C/T51C) and constructed a polyprotein chimera (GB1) 4 -Q3C/ T51C-(GB1) 4 for AFM experiments. The formation of a disulfide bond in the oxidized Q3C/T51C will result in a shorter ⌬L C , which may affect the effective loading rate for the polyprotein. To avoid such complications, we incorporated only one copy of Q3C/T51C in the designed polyprotein chimera. Because ⌬L c of Q3C/T51C occurs only after Q3C/T51C unfolds, the ⌬L c of Q3C/T51C will not affect the effective loading rate for the only Q3C/T51C present in the engineered polyprotein chimera. Instead, it only affects the effective loading rate for the GB1 domains that unfold after Q3C/T51C. Hence, comparing the unfolding force of the oxidized and reduced Q3C/T51C will directly illustrate the effect of shifting unfolding pathway on the mechanical stability of Top7.
A typical force-extension curve of (GB1) 4 -Q3C/T51C-(GB1) 4 in the presence of reducing agent DTT is shown in Fig. 4A . In the reduced form, the disulfide bond does not form and hence Q3C/ T51C will behave similarly as wt-Top7. Indeed, the mechanical unfolding of reduced Q3C/T51C is characterized by ⌬L c of Ϸ30 nm (Fig. 4A, green, and Fig. 4B Inset) . The average unfolding force of reduced Q3C/T51C is 140 Ϯ 28 pN (Fig. 4B) , slightly lower than that of wt-Top7 due to cysteine mutations. Similar to wt-Top7, the The average unfolding force of oxidized Q3C/T51C is 172 pN (n ϭ 218), Ϸ30 pN increase as compared with the reduced Q3C/T51C (B), and ⌬LC is 13.5 Ϯ 1.7 nm (Inset). Red lines are Gaussian fits. (E) G90P-Top7 unfolds at lower forces. G90P mutation selectively disrupted the hydrogen bonds linking strands 3 and 5 and destabilized substructure C. The unfolding of G90P mutant results in unfolding events with ⌬LC of Ϸ29 nm (green). (F) The average unfolding force for G90P is 126 Ϯ 29 pN (n ϭ 326), weaker than wt-Top7 (blue line). Red line is a Gaussian fit to the experimental data. (Inset) The pulling speed-dependence of unfolding forces of G90P (red line and symbols), which has a similar slope as that of wt-Top7 (black line). The unfolding force of G90P is lower than that of wt-Top7 at all of the pulling speeds. mechanical unfolding of reduced Q3C/T51C is presumably due to the sliding of substructure A against B/C. In contrast, stretching of oxidized Q3C/T51C results in unfolding events with ⌬L c of Ϸ13 nm (Fig. 4C, colored in green and Fig. 4D Inset) . The fully stretched oxidized Q3C/T51C is 16.2 nm long [(92 aa Ϫ 47 aa) ϫ 0.36 nm/aa] and the distance between N and C termini is 3 nm, resulting in ⌬L c of 13.2 nm upon unfolding of the oxidized Q3C/T51C, in good agreement with our measurements. This result indicated that, in the oxidized form, a disulfide bond indeed formed between 3C and 51C (Fig. 4C ). As such, ␤ strand 1 is covalently linked to strand 3, making the sliding of substructure A against B/C impossible. Hence, oxidized Q3C/T51C will have to unfold by sliding substructure C against A/B, a shift of the unfolding pathway as compared with wt-Top7. As predicted, the unfolding force for oxidized Q3C/T51C is indeed increased: the average unfolding force is 172 Ϯ 32 pN (Fig.  4D) , Ϸ30 pN increase as compared with that of reduced Q3C/T51C (Fig. 4B) . To our best knowledge, this is the first example of increasing the mechanical stability of a protein via rational design, demonstrating the power of combining mechanistic study with computational design for tailoring the mechanical properties of proteins.
We also explored the possibility of lowering the mechanical stability of Top7 by shifting its unfolding pathway. Sliding substructure C against A/B is the pathway of higher energy barrier for wt-Top7. If we destabilize the B/C interface while keeping A/B interface intact, it is possible that sliding C against A/B will become much easier than sliding A against B/C. Hence, the unfolding of Top7 will be initiated by sliding C against A/B and occur at lower forces. Hydrogen bonds are known to play important roles in determining the mechanical stability of proteins. Therefore, we attempted to use proline mutagenesis to selectively disrupt the hydrogen bonds joining substructure B and C to weaken the B/C interface. We mutated Gly-90 in ␤ strand 5 to proline to disrupt the backbone hydrogen bond between Gly-90 and Val-46 in ␤ strand 3, as well as the local ␤ sheet structure of region C. We did not mutate any residue of ␤-strand 3 to avoid any structural perturbation of region A/B. G90P mutant was well folded as confirmed by far-UV CD spectroscopy (SI Fig. 8 ). The mechanical unfolding of G90P is characterized by ⌬L C of Ϸ29 nm and readily identified from the force-extension curves of (GB1) 4 -G90P-(GB1) 4 (Fig. 4E and SI Fig.  9 ). The average unfolding force of G90P is 126 Ϯ 29 pN (n ϭ 326, Fig. 4F ), well below the average unfolding force for wt-Top7 (155 pN). We also measured pulling-speed dependence of unfolding force for G90P (Fig. 4F Inset) . It is evident that the average unfolding force of G90P is lower than that of wt-Top7 at all pulling speeds, indicating that the mechanical unfolding of G90P is distinct from wt-Top7. Because substructures A and B are intact in G90P, we attribute the lower unfolding force for G90P to the sliding of the destabilized substructure C against A/B. These results clearly demonstrate the feasibility to systematically modulate the mechanical stability of Top7 by shifting its mechanical unfolding pathway.
Discussion
Protein topology, not evolved function, is known to be important in determining mechanical stability of proteins. Previous studies showed that shear topology is an important feature shared by most mechanically stable proteins (11) (12) (13) . However, these proteins belong to either Ig ␤ sandwich fold or ␤-grasp fold (with the exception of GFP and ankyrin), in which shear topology is present and two terminal ␤ strands are directly connected. Top7 is computationally designed and contains sequence and topology that has not yet been seen in biological machinery (21) . Although not evolved nor designed for mechanical purposes, Top7 shows significant mechanical stability and contains features shown by natural elastomeric proteins. As such, Top7 represents a mechanically stable protein fold that is distinct from Ig-like ␤ sandwich and ␤-grasp folds, thus adding a member to the family of mechanically stable proteins. These results demonstrate that the direct connectivity between the two force-bearing ␤ strands in a shear topology is not a prerequisite for mechanical stability. Although the two terminal force-bearing ␤ strands of Top7 are not directly connected, the sliding of substructures against each other provides Top7 with the resistance to mechanical unfolding. This finding enriches our understanding of the design of mechanically stable proteins and illustrates a new structural feature that is important for mechanical stability and yet may be present in a large number of proteins that are not necessarily evolved and optimized for mechanical purposes. Hence, our findings offer great opportunities in searching proteins with diverse mechanical features in a much broader protein fold space, and will greatly expand the pool of proteins of significant mechanical stability. Furthermore, our study suggests that not all of the protein folds that can bear forces have been sampled by nature and, therefore, success of protein mechanics does not depend entirely upon naturally gifted materials.
Because the molecular determinants for mechanical stability of proteins remain elusive, it is still a great challenge to modulate the mechanical properties of proteins in a rational fashion. Although there has been some elegant work attempting to tune the mechanical stability (27) (28) (29) (30) (31) (32) (33) , most of these efforts are largely trial-and-error in nature. By combining single-molecule AFM and SMD, we found a substructuresliding unfolding mechanism for Top7 and revealed the existence of two possible such unfolding pathways with apparently different height of energy barrier. Such molecular insights enabled us to devise a rational methodology to tune the mechanical stability of Top7 by redesigning its unfolding pathway. Using computationally designed disulfide mutant, we were able to specifically block one unfolding pathway and forced Top7 to unfold via the pathway of higher energy barrier, hence increased the mechanical stability of Top7. Lowering the mechanical stability of a given protein has been attempted with great success (27, 29, 34) ; however, it has been challenging to rationally increase the mechanical stability of a protein. The successful example demonstrated here represents a unique approach toward this challenge, and illustrates the power and great potential of simulation and computational biology in tailoring the mechanical properties of proteins in a systematic and rational way. Although the approach demonstrated here is devised based on Top7, the concept of tuning mechanical stability by redesigning unfolding pathway may be general and can be applicable to other proteins. We anticipate that such a strategy will serve as one of the important criteria to computationally design novel proteins with tunable mechanical stability that can be further modulated via environmental stimuli, such as redox potential.
Recent de novo design of proteins has made tremendous progress and proteins with novel sequence and fold have been designed with atomic level accuracy (21) . Although de novo design of enzymes with well defined functions remains challenging, computationally designing proteins of significant mechanical stability may be within the reach of the current computational biology, as mechanical stability is a largely structural property. Being a mechanically stable protein, Top7 actually represents the first example in this aspect, although the original design of Top7 was not intended for mechanical purposes. We anticipate that the combination of de novo design, SMD, and single-molecule AFM will make it possible to de novo design proteins of defined topology and unfolding pathways to achieve significant and tailored mechanical properties, which will be an important milestone toward using engineered elastomeric proteins for well defined nanomechanical applications.
Materials and Methods
Protein Engineering.Plasmid containing Top7 gene was obtained as a kind gift from David Baker. Top7 gene was amplified via PCR using forward and reverse primers containing restriction sites BamHI and BglII followed by KpnI, respectively. Gene encoding Q3C/T51C-Top7 was constructed from wt-Top7 using megaprimer approach (33) . G90P-Top7 was constructed using site-directed mutagenesis. The sequences of the constructed genes were confirmed by direct DNA sequencing.
To investigate mechanical properties of a protein in detail using single-molecule AFM, it is generally desirable to construct a polyprotein containing identical tandem repeats of the protein of interest. However, possibly due to DNA recombination, we were unable to make Top7 polyprotein gene bigger than (Top7) 2 even in the recombination defective strain BLR(DE3).
To overcome this hurdle, we constructed a chimeric polyprotein (GB1) 4 -(Top7) 2 -(GB1) 4 , in which (Top7) 2 was flanked by (GB1) 4 at both ends, for AFM experiments. Based on the identity of the sticky ends generated by BamHI and BglII restriction enzymes, pQE80L-(GB1) 4 -(Top7) 2 -(GB1) 4 was constructed using well established methodology (12, 23) . Similarly, pQE80L-(GB1) 4 -Q3C/T51C-(GB1) 4 and pQE80L-(GB1) 4 -G90P-(GB1) 4 were constructed. The polyproteins were expressed in DH5␣ strain and purified using Ni-NTA affinity chromatography. For reduced Q3C/T51C, 10 mM DTT was added to the solution. Oxidized form of Q3C/T51C was obtained by air oxidation.
Single-Molecule AFM. Single-molecule AFM experiments were carried out on a custom built AFM, which was constructed as described (35) . The unfolding of Top7 was described as a two-state process with force-dependent rate constants. Monte Carlo simulations were carried out on (GB1) 4 -(Top7) 2 -(GB1) 4 according to published procedures (23) . The number of domains in a polyprotein affects the measured mechanical stability, but this effect is small (36, 37) . Hence, our measured mechanical stability of Top7 using a heteropolyprotein does not differ from the value expected from a polyprotein (Top7) 8 . SMD Simulations. Top7 was subject to a simulated equilibration and constant velocity stretching in SMD. The aqueous environment was modeled using explicit water representation, i.e., protein was solvated in a water box with periodic boundary conditions. The water box was large enough for equilibration and for the first 50 Å of stretching (length 110 Å, width 50 Å, height 55 Å). The whole protein-water system contains Ϸ31,000 atoms.
The velocities used in SMD simulations were in the range between 5 and 100 m/s. The model preparation and data analysis were performed with VMD and MD simulation with NAMD as described (19) . During the 1-ns equilibration, the protein is reasonably stable from the initial Protein Data Bank structure 1QYS, with the rmsd in the range of 2Å. That final structure was the starting point used in the constant velocity pulling SMD.
